Calpain small subunit 1 (Capn4) plays a key role in tumor migration or invasion. In this study, expression and function of Capn4 was investigated in human nasopharyngeal carcinoma (NPC). Here we report that both mRNA and protein levels of Capn4 were elevated in NPC tissues when compared to normal NP tissues. Similarly, Capn4 was also highly expressed in multiple NPC cell lines, compared to immortalized human nasopharyngeal epithelial cell line NP69. Moreover, expression of Capn4 was significantly correlated with Epstein-Barr virus infection, advanced stages, and lymph node or distant metastasis (P < 0.001). The patients with NPC displaying higher Capn4 had a significantly shorter overall survival (P = 0.002) and progression-free survival (P = 0.003). Furthermore, siRNA knockdown of Capn4 suppressed cell migration and invasion in vitro and in vivo. These events resulted from Capn4 downregulation were associated with reduced expression of matrix metalloproteinase 2 (MMP2), Snail, and Vimentin. Finally, we demonstrated that Capn4 upregulated MMP2 via nuclear factor-jB (NF-jB) activation, manifested by increased phosphorylation of p65, a subunit of NF-jB. Together, these findings argue a novel function of Capn4 in invasion and metastasis of NPC, and thereby suggest that Capn4 may represent an independent prognostic factor and a potential therapeutic target in NPC. N asopharyngeal carcinoma (NPC) is a common head and neck malignant tumor, particularly in southern China.
Calpain small subunit 1 (Capn4) plays a key role in tumor migration or invasion. In this study, expression and function of Capn4 was investigated in human nasopharyngeal carcinoma (NPC). Here we report that both mRNA and protein levels of Capn4 were elevated in NPC tissues when compared to normal NP tissues. Similarly, Capn4 was also highly expressed in multiple NPC cell lines, compared to immortalized human nasopharyngeal epithelial cell line NP69. Moreover, expression of Capn4 was significantly correlated with Epstein-Barr virus infection, advanced stages, and lymph node or distant metastasis (P < 0.001). The patients with NPC displaying higher Capn4 had a significantly shorter overall survival (P = 0.002) and progression-free survival (P = 0.003). Furthermore, siRNA knockdown of Capn4 suppressed cell migration and invasion in vitro and in vivo. These events resulted from Capn4 downregulation were associated with reduced expression of matrix metalloproteinase 2 (MMP2), Snail, and Vimentin. Finally, we demonstrated that Capn4 upregulated MMP2 via nuclear factor-jB (NF-jB) activation, manifested by increased phosphorylation of p65, a subunit of NF-jB. Together, these findings argue a novel function of Capn4 in invasion and metastasis of NPC, and thereby suggest that Capn4 may represent an independent prognostic factor and a potential therapeutic target in NPC. N asopharyngeal carcinoma (NPC) is a common head and neck malignant tumor, particularly in southern China. (1) (2) (3) Recent advances in diagnosis and treatment have lead to great expectations for long-term survival of patients with early NPC. (3) However, patients with advanced NPC, characterized by extensive invasion and metastasis, still exhibit poor prognosis and high mortality. Like many other types of malignancies, NPC progresses via a process involving multiple steps, including initiation, local progression, and metastasis, which are likely associated to a wide variety of genetic aberrancies. (4, 5) However, the precise mechanism(s) responsible for NPC metastasis remain to be defined. Thus, identification and characterization of novel molecules involved in progression of NPC are urgently needed to provide biomarkers for prognosis and therapeutic targets for treatment.
Calpain represents a family of calcium-dependent cytosolic cysteine proteases. So far, there are 14 calpain isoforms identified in human, most of which are found at focal adhesions and are involved in cell spreading and migration, proliferation, cell cycle control, and apoptosis. (6) (7) (8) (9) (10) (11) Capn4 (also known as CapnS1) is a small regulatory subunit of the calpain proteolytic system and plays a critical role in regulation of calpain stability and activity. (12) Several studies have demonstrated that deficiency of Capn4 leads to dysfunction of calpain-1 and calpain-2, which is embryonic lethal. (11) (12) (13) (14) (15) Knockdown of Capn4 results in decreased migration and focal adhesion of fibroblasts cells. (14) Recently, overexpression of Capn4 was found in hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC). (16) (17) (18) Moreover, whereas Capn4 overexpression is closely correlated with prognosis of patients with HCC or ICC, siRNA-mediated silencing of the Capn4 gene results in marked inhibition of invasion and metastasis in HCC and ICC cells. Therefore, Capn4 may play a critical role in migration and adhesion of metastatic cancer cells.
However, it remains unknown whether Capn4 plays a functional role in pathogenesis of NPC. To address this question, we examined expression of Capn4 in NPC tissues and analyzed its correlation with clinicopathologic features of patients with NPC. We also investigated the biological function of Capn4 in progression of NPC using NPC cell lines. Here we report that Capn4 is highly expressed in both primary NPC tumor tissues and NPC cell lines, compared to normal tissues and cells. Moreover, Capn4 plays an important role in invasion and metastasis of NPC, most likely through regulation of matrix metalloproteinase 2 (MMP2) via nuclear factor-jB (NF-jB) activation. Collectively, these findings suggest that Capn4 may represent an independent prognostic factor and a potential therapeutic target in NPC.
Materials and Methods
Ethics statement. The clinical processes were approved by the Ethics Committees of the Fujian Medical University and patients provided informed consent. Animal studies were performed with the approval of the Institutional Committee for Animal Research and in conformity with national guidelines for the care and use of laboratory animals.
Primary tissue specimens. Paraffin-embedded blocks of 153 NPC tumors resected surgically between March 1999 and September 2010 at the Fuzhou General Hospital, Fuzhou, China, and Guangzhou General Hospital, Guangzhou, China, were examined in the present study. Thirty blocks of non-tumoral tissues were obtained from these patients with NPC or with other diseases, who underwent surgery. Clinical and pathological data were obtained from the Surgical Pathology Files, including age, gender, race, tumor size, tumor location, and TNM stage. H&E-stained slides from each case of primary NPC were screened by light microscopy, and representative sections of infiltrating carcinoma were selected for immunohistochemistry (IHC) staining for the targets of interest. None of the enrolled patients had received chemotherapy or radiation therapy before surgical resection. For Western blot analysis, tumor tissue specimens resected freshly from seven patients with NPC and two specimens of normal nasopharyngeal mucosal tissues were immediately frozen in liquid nitrogen and stored at À70°C until use. Histopathological analyses confirmed the malignant and surrounding normal tissues.
Cell culture. Both 5-8F and 6-10B cell lines were derived from the human NPC cell line SUNE-1, and both exhibit high and low metastatic capability, respectively. (19) Another human NPC cell line CNE2 with a low metastatic ability was established in this institute as described before. (20) Cells were maintained in RPMI 1640 medium (Gibco, Carlsbad, CA, USA) supplemented with 10% FBS. The immortalized normal human nasopharyngeal epithelial cell line NP69 was grown in defined-KSFM medium supplemented with epidermal growth factor (EGF) (Invitrogen, Carlsbad, CA, USA). Cells were cultured in a humidified chamber with 5% CO 2 at 37°C. All experiments used logarithmically growing cells.
Reverse transcription-polymerase chain reaction. Total RNA was isolated from cell lines and fresh tissues (including seven NPC tumor tissues and two normal nasopharyngeal mucosal tissues) using TRIZOL reagent (Invitrogen Immunohistochemical staining. Immunohistochemical staining for Capn4 expression using an anti-Capn4 antibody (Santa Cruz Biotechnology) in NPC and noncancerous nasopharyngeal tissue sections was performed as previously described. (21) The slides were reviewed and scored independently by two pathologists blinded to the clinical data, using the scoring standard described before. (21) For analysis of Capn4 expression in NPC versus nontumoral tissues, the scores of 0, 1-2, 3-4, and 5-6 were considered to be negative, low, medium, and strong, respectively. For analysis of correlation between Capn4 expression and clinical features or prognosis of NPC patients, the scores of 0-4 and 5-6 were considered to be low and high, respectively.
Plasmids and transfection. The pSilencer3.1 (Ambion, Austin, TX, USA) plasmid was used for construction of the constructs encoding siRNA targeting human Capn4, according to the manufacturer's protocol. Two separate pairs of specific oligonucleotide were used, including Capn4 siRNA1 (sense, 5 0 -UCAUUUGAUAUGUAGAUGCCC-3 0 ; antisense, 5 0 -GCA UCUACAUAUCAAAUGACG-3 0 ) targeting GGGCATCTAC ATATCAAATGACG, and Capn4 siRNA2 (sense, 5
0 -UGA UAGUUCCAUUAUCAUCUU-3 0 ; antisense, 5 0 -GAUGAUAA UGGAACUAUCAAA-3 0 ) targeting AAGATGATAATGGAA CTATCAAA. The constructs in pcDNA3.1(+) (Invitrogen) encoding human Capn4 and MMP2 were used for ectopic expression of these genes. Transfection was performed using Lipofectamine2000 (Invitrogen), as per the manufacturer's instructions.
Gelatin zymography of MMP activity. To detect specific MMP2 enzyme activity, serum-free media was collected from culture medium of cells 24 h after transfection with Capn4 siR-NA1 and Capn4 siRNA2, and then analyzed using a gelatin zymography assay kit (Applygen, Beijing, China). Matrix metalloproteinase activity was determined by SDS-PAGE containing 1% gelatin and 30% acrylamide under non-reducing condition. Briefly, electrophoresis was carried out at 4°C. After washing with buffer A (containing 2% Triton X-100), the gels were incubated in 37°C with buffer B (containing the necessary metal ion: 5 mmol ⁄ CaCl 2 , 1 mmol ⁄ L ZnCl 2 ). The active form of MMP was then visualized by staining with Coommasie Blue R-250.
In vitro assays of migration and invasion. To measure cell migration and invasion, 24-well transwell plates (8-mm pore size, Corning Inc., Corning, NY, USA) were used. For transwell migration analysis, 2.5 9 10 4 cells suspended in medium with serum or growth factors were plated in the top chamber underlined with a non-coated membrane. For invasion analysis, chamber inserts were coated with 200 mg ⁄ mL Matrigel and dried overnight under sterile conditions, after which 5 9 10 4 cells in medium with serum or growth factors were plated in the top chamber. For both assays, medium containing serum was added in the lower chamber as a chemo attractant. After incubation at 37°C for 24 h, the top chambers were wiped with cotton wool to remove non-migratory or non-invasive cells. Invading cells on the underside of membrane were fixed in 100% methanol for 10 min, air-dried, stained in 0.1% crystal violet, and counted under microscopy. Values represent the means AE SD for three independent experiments.
In vivo analysis of metastasis. All animal experiments were conducted in accordance with a protocol approved by the Fujian Medical University Institutional Animal Care and Utilization Committee. Five-week-old BALB ⁄ C-nu ⁄ nu nude mice obtained from the Shanghai Laboratory Animal Center of China, and maintained in a sterile animal facility. To evaluate metastasis, 1 9 10 6 cells were resuspended in 0.1 mL of PBS and injected via the lateral tail vein. After 10 weeks, mice were euthanized, and metastatic nodules in lung and liver were quantified using dissecting microscopy after H&E staining. (22) Statistical analysis. Statistical analysis was performed using the SPSS software (SPSS Standard version 17.0, SPSS Inc., Chicago, IL, USA). Correlation of Capn4 levels with patients' clinicopathological features were analyzed by either the v 2 test or the Fischer's exact test. The Kaplan-Meier analysis and the log-rank test was performed analyze survival of patients with NPC and to compare the different survival curves, respectively. P < 0.05 was considered significant.
Results
Overexpression of Capn4 in nasopharyngeal carcinomas. To examine expression of Capn4 in primary NPC tumor and normal nasopharyngeal tissues, RT-PCR and Western blot analysis were performed to detect mRNA and protein levels. The results revealed that the Capn4 mRNA and protein expression level was significantly upregulated in NPC tissues (n = 7) compared with normal nasopharyngeal tissues (n = 2; Fig. 1a,b) .
In parallel, upregulation of Capn4 was also observed in three NPC cell lines, 5-8F, CNE2, and 6-10B, when compared to immortalized normal human nasopharyngeal epithelial cell lines NP69 (Fig. 1c,d) .
To confirm the RT-PCR and Western blot results, we next detected expression of Capn4 protein in archived paraffin-embedded NPC tumor and non-tumoral nasopharyngeal specimens by immunohistochemical staining. Whereas Capn4-specific staining was observed in both non-cancerous and malignant tissues, primarily localized in the cytoplasm of cells (Fig. 2a) , expression levels of Capn4 in NPC samples were significantly higher than that in non-tumoral tissues (P < 0.001; Table 1 ).
Capn4 expression is correlated with NPC progression. We then analyzed the potential correlation between Capn4 expression levels and clinicopathological implications. As shown in Table 2 , expression of Capn4 in NPC tumor tissues was not correlated to patients' gender, age, smoking status, family history, and disease recurrence in a total of 153 cases. However, protein levels of Capn4 in tumors were significantly higher in patients with positive Epstein-Barr (EB) virus infection, advanced tumors (T3 ⁄ T4,), lymph node metastasis (N2 ⁄ N3), distant metastasis (M1), or TNM stage III ⁄ IV, compared to patients with negative EB virus infection (P < 0.001), early tumors (T1 ⁄ T2, P < 0.001), no or a few lymph node metastasis (N0 ⁄ N1, P < 0.001), no distant metastasis (M0, P < 0.001), or TNM stage I ⁄ II (P = 0.007). Moreover, Kaplan-Meier survival analyses demonstrated that patients with higher expression of Capn4 had a significantly shorter overall survival (OS), compared to those with lower levels of Capn4 (P = 0.002; Fig. 2b) . Last, high levels of Capn4 in NPC tumor were significantly correlated with reduced progression-free survival (PFS, P = 0.003, Fig. 2c ). Together, these findings indicate that Capn4 expression was closely associated with progression and metastasis of NPC, thereby probably representing maker for poor prognosis.
Knockdown of Capn4 reduces migration and invasion of NPC cells in vitro and in vivo. To determine the functional role of Capn4 in metastasis of NPC, we first generated two clones of 5-8F cells stably transfected with Capn4 siRNA (Capn4 ⁄ siR-NA-1 and Capn4 ⁄ siRNA-2). RT-PCR and Western blot analyses demonstrated that both protein and mRNA levels of Capn4 were substantially downregulated in Capn4 ⁄ siRNA-1 and Capn4 ⁄ siRNA-2 cells, compared to siRNA control cells (Fig. 3a,b) . Then, the transwell assays were performed to assess the effects of Capn4 knockdown on capabilities of invasion and migration in NPC cells. Notably, Capn4 ⁄ siRNA cells displayed significantly lower rate of invasion and migration than the parental cells and siRNA control cells (Fig. 3c) . In addition, MTT assays revealed that knockdown of Capn4 also inhibited cell proliferation (Fig. S1 ), but failed to induce apoptosis (data not shown).
To validate the role of Capn4 in NPC metastasis in vivo, 5-8F cells stably expressing Capn4 or control siRNA were implanted into nude mice via lateral tail vein injection as described in Material and Methods. As shown in Fig. 3d and Table 3 , lung and liver metastasis was observed in 7 of 10 mice injected with siRNA control cells, but only in one or two of 10 mice with Capn4 siRNA1 cells. Collectively, these in vitro and in vivo findings argue that Capn4 might play a functional role in regulation of NPC metastasis.
Capn4 promotes invasion of NPC cells via upregulation of
MMP2. To gain further insight into the mechanism by which Capn4 regulates migration and invasion of NPC cells, Western blot analysis was performed to examine expression of potential Capn4-targeting proteins that are involved in cell migration and invasion, (23) (24) (25) (26) (27) as well as serve as proteolytic substrates of calpains, in which Capn4 acts as a key regulatory subunit. (14, 15) As shown in Fig. 4a , downregulation of Capn4 by siRNA led to decreased expression of MMP2, Snail, and Vimentin, but increased expression of E-cadherin in NPC cells. In contrast, there was no change observed in expression of MMP9, N-cadherin, or b-catenin. Among the proteins that were downregulated in Capn4 siRNA cells, MMP2 plays an important role in multiple steps of cancer progression, including tumor invasion and metastasis, (28) (29) (30) angiogenesis, as well as extracellular matrix remodeling in NPC. (31) We then tested whether MMP2 contributes to Capn4-mediated regulation of NPC cell invasion. First, RT-PCR analysis confirmed a reduction in MMP2 mRNA after Capn4 was knocked down in NPC cells (Fig. 4b) . Second, MMP2 enzyme activity was determined using the gelatin zymography in media obtained from 5-8F cells and CNE2 cells transfected with Capn4 siRNA1 and siRNA2. The results showed lower enzyme activity in these cells than siRNA control cells, manifested by a band at 72 kDa (Fig. 4c) . Last, knockdown of MMP2 by siRNA significantly suppressed invasion capability of 5-8F cells and CNE2 cells in transwell assays. Conversely, overexpression of MMP2 in cells, in which Capn4 was silenced by siRNA, rescued the functional effect of Capn4 on cell invasion and subsequently restored the invasion activity of NPC cells (Fig. 4c,d ). Thus, these results suggest that Capn4 may promote metastasis of NPC via regulation of MMP2 expression. Capn4 regulates MMP2 expression via NF-jB activation. Nuclear factor-jB is known to be a downstream signaling pathway of Capn4 in promoting tumor cell migration, for example, in hepatoma. (16) Whereas Capn4 is able to activate NF-jB in HeLa cells, (32) NF-jB upregulates MMP2 expression to promote migration and invasion of HCC cells. (33) To this end, we further examined whether Capn4 upregulates MMP2 via activation of NF-kB in NPC cells. Western blotting analysis revealed that Capn4 knockdown by siRNA dramatically decreased levels of phosphorylated p65, a critical component of NF-jB, compared to control siRNA. Conversely, ectopic expression of Capn4 increased p65 phosphorylation (Fig. 5a) . Moreover, the NF-jB inhibitor helenalin blocked MMP2 upregulation induced by ectopic expression of Capn4 (Fig. 5b) . Together, these findings argue that Capn4 induces MMP2 expression at least in part via activation of NF-jB in NPC cells.
Discussion
Calpains have been implicated in a wide variety of biological functions, including signal transduction, cell proliferation and differentiation, apoptosis, membrane fusion, platelet activation, and tumor progression. (6, 11, 34, 35) As a regulatory subunit of calpains, Capn4 is essential for calpain stability and activity. Previous studies have demonstrated that Capn4 regulates integrin-mediated cell migration and thus plays a pivotal role in pathogenesis of HCC and ICC. (12, 36, 37) However, it has not yet been defined whether Capn4 also involves progression of NPC, and if so by what mechanism(s). In the present study, we found that Capn4 was highly expressed in NPC tumor tissues, as well as multiple human NPC cell lines. Of note, that expression of Capn4 was significantly higher in NPC cells with high metastatic potential (e.g., 5-8F cells) than those with low metastatic potential (e.g., CNE2 and 6-10B cells). (19, 20) These results suggest that Capn4 upregulation might be associated with progression of NPC. In this context, previous studies have revealed that Capn4 expression is correlated with tumor metastasis. For example, elevated Capn4 mRNA has been found within stances of liver metastasis when comparing with primary colorectal cancer. (38) Moreover, SV40-transformed Capn4 À/À mouse embryonic fibroblasts display elevated protein levels of retinoblastoma, a tumor suppressor gene. (39) Further, overexpression of Capn4 leads to tumor invasion and metastasis in HCC and ICC. (18, 36) To this end, we found that Capn4 expression was positively correlated with worse TNM classification, distance metastasis, and advanced stages of NPC patients, arguing that Capn4 might contribute to the aggressive phenotype of NPC. We also found that high levels of Capn4 were closely correlated with poor clinical outcome and survival of NPC patients. Therefore, these findings support a notion that Capn4 might represent a novel, independent marker for prognosis of patients with NPC.
Tumor metastasis involves multiple sequential steps, including dysregulation of intercellular adhesion, remodeling and degradation of extracellular matrix (ECM), and increasing cell motility. (40, 41) Capn4 has been reported to play a role in invasion and migration of HCC and ICC cells. (17, 18, 36) In the present study, we found that downregulation of Capn4 by siRNA dramatically reduced ability of invasion and migration in vitro, as well as distant metastasis in vivo of 5-8F cells, a human NPC cell line exhibiting high metastatic potential. (19) These findings strongly suggest that high expression of Capn4 might functionally contribute to metastatic phenotypes of NPC. Among numerous genes that are associated with tumor metastasis, MMP2, MMP9, Snail, Vimentin, E-cadherin, H-cadherin, and b-catenin are substrates for proteolysis mediated by calpains, of which Capn4, as a regulatory subunit, plays a critical role in stability and activity. (23) (24) (25) (26) (27) 42) The present results showed that Capn4 knockdown by siRNA led to downregulation of Snail, Vimentin and MMP2, but upregulation of E-cadherin. Among these targets, calpain can cleave one or more of the focal adhesion components (e.g., Vimentin, E-cadherin, and H-cadherin), resulting in disassembly of focal adhesions during cell migration; (26, 43, 44) Snail induces EMT, one of the most important events in tumor metastasis; (45) and MMPs involves tumor metastasis by regulation of tumor microenvironment. (46) Thus, the present findings suggest that Capn4 promotes NPC metastasis likely via these multiple downstream events. However, a possibility exists that other proteins might also contribute to Capn4-mediated promotion of NPC metastasis.
Matrix metalloproteinase 2 plays a critical role in pathogenesis of various types of cancer. (47) Notably, MMP2 is associated with metastasis of NPC. (30, 48) In the present study, we found that mRNA level and enzyme activity of MMP2 was markedly decreased after knockdown of Capn4 by siRNA in 5-8F cells and CNE2 cells, consistent with a recent report that Capn4 upregulates MMP2 in ICC cells, (18) suggesting that Capn4 might promote invasion and metastasis of NPC cells by upregulating MMP2. Indeed, like knockdown of Capn4, downregulation of MMP2 by siRNA inhibited invasion of 5-8F cells. Importantly, overexpression of MMP2 in Capn4 siRNA 5-8F and Capn4 siRNA CNE2 cells restored their invasion capability. Thus, these results argue that MMP2 represents one of the downstream targets in Capn4-medaited regulation of NPC metastasis.
The NF-jB signaling pathway plays important roles in various biological processes such as inflammation, apoptosis, cell migration, and cell cycle control, and is often dysregulated in a variety of malignancies. (49) (50) (51) (52) (53) Of note, NF-jB is capable to induce production of MMPs by tumor cells as well as surrounding mesenchymal cells, events contributing to degradation of extracellular matrix during tumor metastasis. (49, 50, 54, 55) Interestingly, NF-jB is commonly activated in NPC, (56) which acts as an activator of the invasion process to promote tumor progression. (57, 58) The present results showed that downregulation of Capn4 by siRNA significantly reduced phosphorylation of the NF-jB p65 subunit, while ectopic expression of Capn4 induced p65 phosphorylation in NPC cells. Moreover, the NFkB inhibitor helenalin markedly prevented MMP2 expression induced by ectopic expression of Capn4. Thus, these findings suggest that Capn4 regulates NPC metastasis through a process involving NF-jB-dependent expression of MMP2. However, it could not be excluded that other mechanisms might also contribute to Capn4-promoted NPC metastasis. For example, the EBV-encoded multifunctional oncoprotein latent membrane protein 1 (LMP1) is essential for EBV-induced B-cell proliferation and transformation in vitro, probably by acting as an inducer of NF-jB activation. (59) (60) (61) (62) (63) (64) Thus, as Capn4 also induced activation of the NF-jB pathway, it is possible that LMP1 and Capn4 may cooperate in the pathogenesis of NPC. In summary, the present findings provide first evidence that Capn4 is upregulated in NPC tumor tissues, representing a marker for poor prognosis of NPC. Moreover, they demonstrate that Capn4 promotes in vitro invasion and migration as well as in vivo metastasis of NPC cells. Furthermore, they also unveil a potential mechanism involving upregulation of MMP2 via an NF-jB-dependent mechanism, underlying Capn4-mediated promotion of NPC progression. In the light of these findings, it would be of interest to validate whether Capn4 could serve as a biomarker for predicting prognosis of patients with NPC, and ⁄ or a potential target in treatment of NPC. 
